We describe photo-induced current experiments observed in nm-sized electro-migrated nano gaps, using surface plasmon polaritons (SPPs) as the source of the optical driving field. For gaps smaller than 5 nm, we observe a stable photo-induced current that is linear with the intensity of the SPP mode, whereas the photo-current in wider gaps shows a highly nonlinear dependence that is reminiscent of field emission. The results are explained by a modified Wentzel-KramersBrillouin tunneling model, which reproduces the observed transition from optical rectification to optically driven field emission in the nano junction.
Introduction
An optical rectenna is a device that can rectify the modulation of a material's electric polarization at optical frequencies into a dc electron displacement. When such a device is part of a circuit, a dc current may flow [1] . A sub-nm gap between two metal electrodes, such as a metal-insulator-metal (MIM) junction, can act as a rectenna. Not surprisingly, these relatively simple devices have been recognized as potential nanocircuits suitable for converting light to electricity.
In the absence of light, the transport of electrons across sub-nm junctions is conveniently modeled by the WentzelKramers-Brillouin (WKB) approximation for the process of direct tunneling through the potential barrier between the metal electrodes, as described by Simmons [2] . The effective tunneling direction is determined by the asymmetry of gap, typically in the form of a difference between the Fermi levels of the opposing electrodes by applying a bias. For higher electric fields in the junction, the barrier may bend, effectively shortening the tunneling distance and thereby facilitating the transport of electrons across the junction. The latter tunneling mechanism is also known as field emission, as pointed out by Fowler and Nordheim [3, 4] .
Upon optical illumination of the gap, the oscillating electric field in the junction sets up a potential difference between the metal electrodes. Classically, the ac optical field produces a dc current in case the gap polarization responds nonlinearly to the modulation [5, 10] . Quantum mechanically, the process of photon-assisted tunneling is commonly described by the model of Tien and Gordon [6, 7] , which considers the changes in the electron density of states due to a modulation of the barrier. Photo-induced currents have been observed in a variety of MIM-type junctions. One of the earliest examples of optical rectification was demonstrated in the junction of a scanning tunneling microscope (STM) [8, 9] . Similar observations were made in sub-nm junctions engineered in two-dimensional nano circuits, such as in break junctions [10, 11] or in junctions formed by molecular spacers [12] . In these latter studies, a linear increase in the current is observed as the intensity of the light is raised, consistent with the Tien-Gordon model of optical rectification. For higher gap fields, on the other hand, field emission dominates the tunneling current, as was recently demonstrated in an STM geometry [13] .
Although the main properties of a junction-based optical antenna are reproduced by electron tunneling models, many questions remain about the details of the tunneling mechanism. In particular, the role of the surface plasmon mode of the junction is not completely understood. For sub-nm junctions, the existence of gap-size dependent charge transfer plasmons has been pointed out, and the importance to include a quantum description of the conduction electrons is very much part of the current debate about the optical properties of gap-nanoantennas [14, 15] . Beyond the challenges in describing the physics of the tunneling process, there are experimental difficulties that limit the complete characterization of sub-nm MIM devices. For instance, fabrication of reproducible MIM junctions in the (sub-)nm regime remains a difficult task. In addition, heating effects upon illumination can comprise the stability of the junction. Morphological changes on the Ångström scale can affect the optical properties of the device and thus significantly alter the photoinduced tunneling current.
In this work, we focus on MIM gap-antennas in the nm range (4-20 nm), a regime for which quantum effects of the plasmonic response are deemed unimportant. We find that gaps in this range are reproducibly fabricated with electromigration methods. Using a remote excitation scheme based on propagating surface plasmon polaritions (SPPs) for driving the surface plasmon mode in the gap, we observe a stable performance of the optical rectennas under ambient conditions. The stability of the devices makes it possible to study their photo-induced currents in detail. Our studies indicate that for narrower gaps, a transition between Tien-Gordon type tunneling and Fowler-Nordheim field emission can be observed, while in wider gaps field emission is the dominant mechanism for electron transport across the nano junction.
Materials and methods

Sample fabrication
Tapered gold electrodes were fabricated by a photolithography procedure combined with electromigration, adapted from [16] [17] [18] [19] . Thin borosilicate cover slips (Fisher Scientific) were cleaned in reactive oxygen plasma (Harrick Plasma). A 20 nm Au film was deposited onto the glass after application of a 1 nm Cr adhesion layer. A positive polymer resist (Dow, S1808) was spun onto the films, after which the slides were baked at 90°C for 30 min. A chrome mask was used for UV-based photolithography, using an exposure time of 1.25 s. The exposed slides were developed in MF-319 and etched in Gold Etchant TFA (Transene Company) to yield the final Au patterned films. This procedure consistently produced two tapered electrodes connected by a channel with a length of a ∼5 μm and a width of ∼2 μm, as shown in the transmission image of figure 1(a) .
Nanometer-sized junctions were prepared in the channel by using a combination of focused ion beam (FIB) milling (FEI Quanta 3D FEG) and electromigration. First, using FIB milling, the width of the central portion of the channel was reduced to ∼500 nm. A partial cut was prepared across the width of the channel, yielding a ∼20 nm wide cleft. This intentionally incomplete milling procedure gave rise to several intact Au grains in the cleft, forming a conducting junction. The sample was cleaned and treated with ceric ammonium nitrate-based chromium etchant (Sigma Aldrich) to remove remaining chromium in the junction. The sample was then electro-migrated, and exposed to a final chromium etchant treatment (Transene Company). The fabricated nano junctions were characterized with a high-resolution SEM (FEI Magellan 400L) to verify the size of the electro-migrated gap introduced into the sample at a resolution of 0.9 nm. This procedure consistently yielded nanojunctions between 4-12 nm under ambient conditions. Figure 1(b) shows an SEM micrograph of a junction. The indicated electro-migrated grain displays a gap width of ∼4 nm. 
Experimental layout
The experiments were conducted in an optical microscope (IX71, Olympus). The excitation beam was derived from a 76 MHz Ti:sapphire laser (Mira 900, Coherent), which produces pulses with a center wavelength of 800 nm and a temporal width of 250 fs at the sample plane. Part of the laser beam was used to drive a home-built, synchronously pumped optical parametric oscillator, which delivered tunable 200 fs pulses between 950 and 1200 nm. The polarization orientation of the incident laser beam was controlled with an achromatic half-wave plate. The excitation beam is passed through a 1.0 mm pinhole near the back aperture of a high numerical aperture lens (60x, NA 1.42 oil, Olympus) and focused loosely onto the Au film. The pinhole was placed such that the pencil beam was incident on the sample at the Kretchmann angle for exciting a SPP mode at the gold/air interface. The diameter of the focal spot at the Au film was 3 m m and the distance between the SPP launching site to the nanogap was 10 m m . The remote launching spot of the SPP mode and its subsequent propagation to the nano junction was monitored by imaging the leakage radiation onto an EMCCD camera (iXon3, Andor) [20] . For four-wave mixing (FWM) and two-photon excited luminescence (TPEL) measurements, a dichroic mirror (680 SWP, Chroma) was inserted to separate the back-scattered nonlinear optical signals from the incident laser light [22] . Figure 1 (c) shows a sketch of the excitation configuration.
A Keithley 2400 sourcemeter was used to control the bias across the nano junction. To measure the photo-induced current across the junction, the laser light was amplitude modulated at 200 Hz. The current measured in the circuit was amplified with a pre-amplifier (Model 1211, DL Instruments) and detected with a lock-in amplifier (SR830, Stanford Research Systems). The demodulated output was fed into a computer for registering the signal. The sensitivity of the current measurements was 0.02 pA, which constitutes the noise floor. For current measurements as a function of laser power, a laser power controller (Brockton Electro-Optics) was used to control the average laser power. Typical average powers at the sample plane were in the 0.1-1 mW range. A script was written to carry out rapid sweeps of the laser power while monitoring the current through the junction.
Full wave simulations
An estimation of the electric field amplitudes in the nano junction was obtained from three-dimensional finite element method (FEM) full wave simulations, carried out with COMSOL 4.4 using the wave optics module. The device was modeled as a 30 nm thick gold layer on glass. The size and shape of the device was chosen according to the experimental parameters given in section 2.1. A variable mesh was used, with the smallest mesh size of ∼2 nm at the nanogap and larger mesh sizes away from the junction. The excitation was modeled as a Gaussian beam with a focal radius of 1.0 μm, incident at the Kretschmann angle.
Results
SPP-based excitation of gap mode
In this work, we have chosen to drive the gap mode through SPP-based excitation. In this configuration, an SPP mode is launched 10 m m away from the nanogap and allowed to propagate to the junction. Based on a three-dimensional model for the asperities in the slit [17] , we have simulated the propagation of SPP waves near the junction using FEM simulations. Upon traversing the nanometer-sized slit between the electrodes, part of the energy contained in the SPP mode couples to asperities in the the gap [21] , as shown in figure 2 . The excitation of local gap modes produces enhanced local fields, F opt , which are generally strongest at the narrower gaps [17] . A rough estimation of the strength of F opt can be obtained from the FEM simulation. We find that pulsed local fields for a 4 nm gap on the order of 0.1-1.0 V nm −1 are feasible using the experimental excitation conditions examined here. Similar values have been reported for metal-insulator-metal junctions under comparable experimental illumination conditions [10, 13] . Such optical gap fields have previously shown to enable the generation of photo-induced currents.
SPP-induced currents
To investigate whether the gap modes excited by the SPP waves can generate a photo-induced current, we have first examined the current as a function of the polarization orientation of the incident laser light. For these measurements, junctions with 4 nm gaps were used and the average laser power density was set to 24 kW cm −2 (1.3 10 9 W cm −2 peak power density) at 800 nm, while a 0.2 V dc bias was applied across the junction. Upon illumination of the electrode, pA-level currents were measured in the circuit. Figure 3 (a) shows the measured current as a function of the polarization angle θ. A maximum current is obtained when the beam is p-polarized relative to the gold surface ( 90 q = ). The current decreased as the polarization was changed and reached the noise level when the beam was s-polarized. Fitting the signal to the function sin 2 q yielded excellent agreement. These observations strongly suggest that the observed current is induced by the SPP mode. In addition, the polarization dependence indicates that the photo-induced current, in this regime, is linearly dependent on the incident power of p-polarized light. We also note that in the absence of light, the measured current reaches the noise floor ( 0.1 < pA), indicating that at the biases examined here (0-0.6 V), no background current was observed.
These results suggest the process of optical rectification in nanometer-sized junctions. To investigate whether the observed current can be classified as a rectified current, we excited the junction with two SPP modes. To accomplish this, two laser beams with wavelengths of 800 and 1040 nm, respectively, were incident on the gold electrode simultaneously. Each of the SPP modes gave independently rise to a photo-induced current in the nano gap circuit. When the SPP pulses were temporally offset, the total current was the sum of their individual contributions. Upon overlapping the SPP pulses temporally, as verified by the FWM and the TPEL emission of the gap mode ( figure 3(b) ), no additional current contributions were observed. The experiment was repeated by amplitude modulating each beam at a different frequency (200 Hz and 240 Hz, respectively), while detecting the current at the difference frequency (40 Hz). Under all conditions examined, no increase in the current was observed when the SPP pulses were temporally overlapped. These results indicate that the dc electron current is not driven by a nonlinear process that involves two independent fields with optical frequencies 1 w and 2 w , where 1 2 w w ¹ . This notion is consistent with a coherent optical rectification process, which does not produce a dc current when 0
¹ . An incoherent process, whereby the electron is first photo-excited to a (dephased) hot electron state by a first pulse, and subsequently excited to a higher lying state by the second pulse, followed by tunneling of the doubly excited electron
, is also incompatible with these observations. Therefore, we conclude that the observed dc current originates from a coherent rectification process.
Gap-size dependent electron transport
We next studied the photo-induced current as a function of the magnitude of the optical field in the junction. The subsequent results were obtained for p-polarized incident fields. Figure 4(a) shows the current for different average powers of the incident 800 nm laser beam, obtained while maintaining a dc bias of 0.6 V. The current is shown as a function of F inc , the amplitude of the incident field at the launching site, determined from the peak power of the optical pulse. The red curve corresponds to the current measured in a 4 nm junction, whereas the blue curve was obtained from a 12 nm junction.
In both measurements, a low current is observed at lower illumination doses, which rapidly increases for higher intensities of the optical field in the junction. In the narrower junction, however, the current displays a more gradual increase at lower incident powers, showing a quasi-linear dependence, which is not seen for the wider junction. Compared to the 4 nm junction, the magnitude of the photoinduced current in the 12 nm gap shows a steeper dependence on the incident light when the laser power is raised. The difference between the laser intensity dependence of narrow (<5 nm) and wide (>10 nm) junctions is reproducible, indicating that the mechanism that underlies the rectification process is gap-size dependent.
In order to gain insight in the photo-induced electron transport across the junction, we modeled the current with a simple model based on the WKB approximation to the electron tunneling probability across a MIM junction. Within this approximation, the tunneling probability D can be written as:
where m is the mass of the electron, V(z) is the barrier potential and E z is the energy of the electrons involved in the tunneling process along the z-coordinate. In the presence of a dc bias of V b , the tunneling current density J can be formulated as: . We used equation (2) to simulate the current in 4 and 12 nm sized junctions. The simulations assumed a Fermi energy of 5.53 eV and work function of 5.1 eV for Au. The photon energy of the incident laser was 1.55 eV and the optical field was allowed to modulate the barrier. The tunneling current is obtained after integrating over one optical cycle of the driving field. The nonlinearity of the gap junction is modeled by assuming an asymmetry in the optically modulated gap polarization, whereby the effective gap field F t sin opt w during one half of the optical cycle exhibits a slightly higher amplitude than the other half of the optical cycle, i.e. F t T opt 1 2
with T 1 2 the half-cycle time. In addition, we included the image potential to describe the potential barrier V (z) [2] . In the simulations, we have assumed that electrons driven at energies E F w + are the primary tunneling electrons.
The simulated tunneling current is a sensitive function of the applied bias, magnitude of the optical field, and the width of the gap. show the tunneling barrier for the 4 and the 12 nm junction, respectively. The bending of the barrier potential is indicated for various values of the potential difference across the gap, which is a sum of the applied dc bias and the potential introduced by the ac modulation of the optical field. The tunneling electron at E F w + is indicated by the arrow. We note that when the energy of the tunneling electron is set at E F , qualitatively comparable current-versusintensity profiles as in figure 4(b) are observed by adjusting the simulated range of F opt . This indicates that the model cannot conclusively determine the energy of the electrons that are transported across the junction. Hence, the simulation cannot unambiguously discriminate between Fermi-level electrons or photo-excited electrons as the primary tunneling charges. Figure 5 (a) shows the laser power dependence of the current for different values of V b for a device with a 4 nm gap. Under all conditions, we observe a quasi linear dependence of the photo-induced currents at lower illumination levels, whereas a strongly nonlinear dependence is seen at higher illumination doses. In this device, for V 0.1 V b < , the current is negative below 60 kW cm −2 . Figure 5 (b) depicts the I-V curve for a different device with a nanogap of ∼4 nm when the laser power is set to 90 kW cm −2 . For this junction, a negative current is produced at V b =0, driven solely by the photo-induced electron transport process.
Linear versus nonlinear power dependence of photoinduced current
Although the experimental data is satisfactorily reproduced with the WKB model plus optical modulation, this description does not explicitly discriminate between the established mechanisms of Tien-Gordon type rectification and FowlerNordheim field emission; two mechanisms with very distinct dependences of the current on the strength of the gap field. Classical and quantum models for the process of optical rectification designate a linear dependence of the current with the intensity of the optical field F opt [10] :
where a is a constant that is proportional to the second order nonlinearity I V
of the junction [10] . The current in the absence of the optical field is indicated as I 0 . Field emission as predicted by Fowler-Nordheim yields a dc current that scales as [3, 23] :
where b e h 8 3 1
, with λ a correction factor, f the work function and α a constant with units
, where F b is the applied bias field. Equation (5) is valid for a triangular barrier into vacuum, and, as such, shows no explicit dependence on the width of the junction. The profile obtained for the 12 nm junction can be fitted well with equation (5), reproducing the steep exponential rise of the current as the laser power is increased shown in the top curve of figure 6. For this larger gap size, the tunneling process thus shows similarities to pure field emission through a bent barrier, which is irrespective of the width of the junction. Indeed, we have found a similar dependence for the photo-induced current across wider gaps in the 12-20 nm range, all of which can be fitted to the Fowler-Nordheim type function of equation (5) .
The profile for the 4 nm junction, however, cannot be mapped onto a profile predicted by equation (5) . For lower laser power densities ( 60 < kW cm −2 ), the current shows a quasi-linear dependence which is not reproduced with the Fowler-Nordheim expression, but is instead reminiscent of the linear dependence predicted by Tien-Gordon type optical rectification as in equation (4). For higher laser power densities (>60 kW cm −2 average, 3.2 10 9 W cm −2 peak), the conductance of the 4 nm junction grows more nonlinear and the current approaches a profile that mimics the Fowler-Nordheim power dependence of equation (5) . The complete power dependence of the photo-induced current measured in the 4 nm junction can be phenomenologically fitted to a function that is a combination of equation (4) and equation (5), i.e.
I I I
OR FN = + . The lower curve in figure 6 includes a fit to the current as a function of laser power based on this composite function. It can be seen that at low power a quasi-linear dependence is evident while at higher field intensities in the junction the exponential dependence gains prominence. Note that this behavior was consistently observed for a wide range of biases (0.1-0.6 V).
To examine the nature of the current for higher intensities of the optical field, we subtracted the linear dependence and plotted I F ln to a previously reported value for Fowler-Nordheim tunneling [13] . The variation in c is small throughout various measurements, which confirms the repeatability of the photoinduced current measurements. The fact that the junction conductance was not quantitatively altered during the experiments provides strong evidence that the morphological integrity was preserved during the measurements.
Discussion
In this work, we have fabricated nanometer-sized junctions and investigated their rectifying properties under optical illumination. We have adopted a remote excitation scheme, where an SPP field is launched away from the junction, thus avoiding direct illumination of the junction with freely propagating light. Instead, the junction plasmon is excited by the SPP field. We have found that this arrangement allows stable generation of photo-induced currents, even at ambient temperatures and pressures. Our experiments show that the SPP mode is responsible for excitation of the gap mode, as evidenced by a clear polarization dependence of the photoinduced current. The remote excitation scheme presented here appears to have favorable heat dissipation dynamics, which reduces local heating of the junction and limits photo-induced morphological changes of the gap. The robustness of this approach is reflected in the stability of the Fowler-Nordheim c coefficient, which remained unaltered during our experiments.
We have observed stable photo-induced currents in junctions of variable gap widths. The dependence of the current as a function of laser power was found to be consistently different for narrow gaps (<5 nm) versus wider gaps (>10 nm). Whereas wider gaps show a characteristic exponential dependence, which can be explained by assuming a Fowler-Nordheim field emission process, narrower gaps show an additional linear component that is reminiscent of an optical rectification process previously observed in sub-nm gaps. In the 4 nm junction examined here in detail, we have found a transition between the linear optical rectification process at lower intensities of the optical field to an exponential field emission process at higher intensities.
Optical rectification is usually associated with sub-nm junctions, where direct tunneling of the electron through the barrier can be observed even at low intensities of the optical field. However, our experiments suggest that this principle can be extended to nm-sized gaps. Although direct tunneling probabilities are negligible in nm gaps, strong gap fields can modulate the barrier sufficiently as to allow electrons to penetrate the distorted barrier. This process produces a linear dependence of the current on the field intensity. At even stronger fields, the barrier bends, and clear Fowler-Nordheim tunneling becomes more prominent. A similar transition from optical rectification to field emission of electrons across the gap has previously been observed in sub-nm metal-molecule-metal junctions [24] and in STM tunneling junctions [13] .
Although optical rectification and field emission are commonly considered distinct tunneling mechanisms, a numerical simulation based on a simple WKB model reproduces all the observed trends in our experiments, including the transition from a linear to a nonlinear (exponential) dependence. Both regimes follow naturally from the optical modulation of the gap barrier, which allows tunneling of the electrons through the thinning of the barrier. Using WKB tunneling combined with optical modulation, the linear regime is retrieved only for the narrower gap, whereas the wider gap displays solely Fowler-Nordheim type tunneling under the conditions examined here. The model also predicts that for higher gap fields, the tunneling mechanism in both the narrow and wide gaps resembles the process of field emission.
These observations suggest that, for the the nm-sized gaps studied here, the same physical mechanisms underlie the generation of photo-induced currents in the linear and nonlinear regimes. Both the linear and nonlinear regime produce rectified currents, and both regimes appear to follow from a tunneling process in which the resulting current is coherently rectified by the optical field. The simple WKB model used here cannot conclusively identify the energy of the tunneling electrons, as qualitatively similar results are obtained for tunneling electrons of energies E F or E F w + . Previous tunneling studies have suggested that photo-excited electrons, which have lost their coherence relative to the driving field after dephasing, are the primary tunneling charges in the junction [25] . Although our measurements do not exclude the involvement of dephased electrons, our two-color photoinduced current experiment suggests that contributions from incoherent, nonlinearly excited electrons are negligible.
Conclusion
This study shows that stable and reproducible photo-induced currents can be generated in nm-sized gaps under ambient conditions, using propagating SPP modes to drive the gap fields. The resulting current shows contributions from direct optical rectification and from field emission, where the relative weight of these processes shows a dependence on the width of the gap. These observations can be explained with a simple WKB model supplemented with optical modulation, which reproduces the transition between linear to nonlinear photoinduced currents. The stability of the gap antennas in the nm regime under benign SPP excitation conditions underlines their promise as rectennas for light to energy conversion.
